Abstract. We present the variation of trap assisted conduction current through a dielectric stack comprising TiO 2 and SiO 2 on SiC as a function of both temperature and hydrogen gas concentration. We show that the current can be modeled by the use of a single barrier height across the temperature range of interest (>300 o C ambient). Upon exposure to hydrogen gas, this barrier height is reduced from 0.405 to 0.325eV, whilst the density of traps in the bulk of the TiO 2 remains unaffected. We conclude that the formation of a charge dipole layer under the palladium contact is responsible for this change in barrier height, as has been observed in Schottky diode sensor structures. Further, sensing the gas concentration by monitoring of the trap assisted conduction current appears not to be influenced by the existence of interfacial traps, offering the chance to fabricate low drift sensors for deployment in extreme environments.
Introduction
There is a need for in-line monitoring technology for the detection and possible closed loop reduction in pollution for a variety of applications, including volcanoes and engine exhausts. These applications consist of temperatures which exceed 300 o C as well as containing chemically aggressive species. Previous work has shown that silicon carbide technology can be used to monitor pollutant gas concentration in exhaust environments, using a variety of sensor structures [1] . The simplest sensor structure is a Schottky diode, where the metal contact is fabricated from a catalytic metal, such as platinum or palladium. On contact with the gas, catalytic decomposition occurs and a charge dipole is formed under the metal contact, which can be observed from the current -voltage characteristics as a reduction in the apparent barrier height [2] . This sensor structure is limited in the maximum temperature of operation by the solid state chemical reaction between the metal and the silicon carbide. Higher temperature operation is possible using a capacitor structure and operation has been reported at temperatures exceeding 900 o C [3] . However, the circuitry to measure the change in capacitance of these structures is relatively complex. Further these devices suffer from drift in their characteristics as a result of degradation of the SiC/SiO 2 interface, which will require advanced correction algorithms to control. These capacitor structures have also been used to fabricate the gate of FET devices which can be used as sensors [4] . These devices offer a simplified detection circuit, although they require more complex fabrication technology to realize.
A further concern is the reliability of the SiO 2 based dielectric in these devices. Work has shown that the lifetime is severely suppressed at temperatures above 300 o C [5] , particularly at high electric fields, and this is the lower end of the temperature range of interest for these sensors. High K dielectric technology is being actively researched in silicon carbide as a method to reduce the electric field in the dielectric for power devices and recent work has shown that the use of a TiO 2 based dielectric stack is capable of operation at temperatures above 600 o C [6] . One area which has received little interest is in the leakage current through the dielectric used to form the capacitors. We show that the leakage current in these devices is suitable for the detection of hydrogen gas and in this work, we discuss the influence of the high κ layer on the observed characteristics. 
Experimental Procedure
Commercial, research grade N-type 4H-SiC wafers from Cree Inc comprising a 2.9um thick epilayer, with a nitrogen doping concentration of 2.6x10 16 cm -3 were used to fabricate the MISiC capacitors. Following solvent cleans, a conventional RCA clean was performed and the wafers were then dipped into a diluted HF solution to remove the native oxide layer prior to oxidation. A thermal oxide, with a thickness of 25nm was grown at 1150 o C in dry oxygen, prior to titanium deposition. A titanium film of 50nm was deposited by e-beam evaporation with a base pressure below 5x10 -6 Torr, followed by thermal oxidation in dry O 2 at 800 o C to form the 75nm thick TiO 2 layer. Subsequently, 50nm of palladium is deposited on the surface of the TiO 2 and patterened using contact UV photolithography and a wet chemical etch. The cross section of the final deice is shown in figure 1 and the composition of the dielectric stack after the titanium oxidation can be seen from the XPS spectra shown in figure 2 . The spectra shows a stoichiometric TiO 2 layer (sputter time less than 120 min), with only a trace of carbon and silicon impurity. After 200 min the bulk silicon carbide can be observed, with both C and Si having a 50% atomic concentration. Between these two times an intermixed layer, comprising all four elements can be observed.
The electrical properties of the Pd/TiO 2 /SiO 2 /SiC gate dielectric stack over the temperature range of 100 -650 o C were determined by measuring the high frequency capacitance -voltage (C-V) and current -voltage (I -V) characteristics using an Agilent 4284A LCR bridge and Keithley 487 picoammeter in conjunction with a computer controlled hot plate. The sensors were mounted on a hot plate in a chamber where the ambient gas concentration can be varied by computer controlled mass flow controllers. The gas introduced is 2.5% hydrogen in nitrogen at an overall chamber pressure of 1mbar. Hence the 100% gas flow rate of hydrogen shown in the results equates to a partial pressure of hydrogen of 25 ppm at an ambient pressure of 1 bar. C, which is attributed to the annealing of trapped charge in the oxide [7] . At 400 o C, the existence of a feature in the low voltage capacitance becomes apparent and the magnitude of this increases as the temperature is raised. This is linked to the existence of a set of interface traps with a different energy distribution to those which dominate at the low temperatures. This extra set of traps will influence the background behaviour of the sensor and would require a more complex detection algorithm if a conventional capacitance measurement were to be implemented. The density of interface traps has been extracted using the Hill-Coleman method [8] as shown in figure 4 . This shows an increase as the temperature is raised above 450 o C, which is in the temperature range of interest for these devices. Figure 5 shows the leakage current through the capacitor as a function of temperature. The leakage current has a linear dependence on applied voltage and a strong temperature dependence which indicates that it is being dominated by trap assisted conduction. The figure also shows that the leakage current is a monotonically increasing function of both temperature and voltage, in stark contrast to the capacitance, which is a multivalued function of temperature at a given bias. The trap assisted conduction current can be modeled by [9]   
Results and Discussion
Where C 1 is related to the density of traps in the bulk of the dielectric, E is the electric field across the dielectric and Φ A is the barrier height between the conduction band in the TiO 2 and the Fermi level of the palladium, as shown in figure 6 . It should be noted that this model does not include any influence from the density of interface traps. Ω cm -1 and Φ A =0.405eV. The sensors were then mounted into ceramic DIL sockets and mounted in a chamber, where gas flow could be changed using mass flow controllers. A 2.5% H 2 in N 2 gas is introduced at a maximum flow rate of 20sccm (marked as 100% H 2 flow), whilst the chamber is maintained at a reduced pressure. The partial pressure of hydrogen at 100% flow is around 25ppm. Figure 8 shows the change in the leakage current with the H 2 flow rate at a temperature of 425 o C. The figure shows that the current level increases with the hydrogen partial pressure, but maintains the linear behaviour, which is a characteristic of trap assisted conduction.
By fitting the model to the current under different gas flow, we extracted both C 1 and Φ A as before. The value of C 1 remains unchanged at 1x10 -8 Ω cm -1 , whilst the variation in barrier height varies from 0.405 to 0.325eV, as shown in figure 9 . This reduction in barrier height is similar to that observed in Schottky diode based sensors [2] and previous work measuring the flat band voltage shift in MISiC sensors [10] . In this previous work, the reduction in barrier height was attributed to the formation of a charge dipole layer under the catalytic metal contact (in this case palladium) and it is reasonable to assume that the same mechanism may also be responsible for the changes observed in the current work. The sensitivity to hydrogen can be calculated from
The sensitivity of the device is not affected by the gate voltage as is shown in figure 10 . This indicates that the sensor can be biased at which.ever gate bias suits the circuit designer and the performance will not be affected. By combining equations (1) and (2) it can be seen that the sensitivity can be expressed as
Where A φ ∆ is the change in barrier height. A further model to describe the behaviour of trap assisted conduction in multi layer dielectric stacks was proposed by Svensson and Lundstrom [11] . The schematic representation for this model is shown in figure 11 . The values for eV 2 . 
Where t N represents the density of traps in the bulk of the dielectric, V ox the voltage across the SiO 2 in the dielectric stack and A is a constant.
Fitting this equation to the results shown in figure 5 gives a value of eV , keeping the trap concentration in the bulk dielectric constant. This result suggests that the energy distribution for traps in the bulk TiO 2 layer is modified by the presence of hydrogen ions, which have diffused from under the metal contact. This is driven by the filling of shallow trapping states by the hydrogen ions, allowing those deeper in the dielectric to become active under hydrogen exposure. This result would suggest that the gas response of a sensor can be modified by the selection of high κ dielectric materials, as well as changes in the catalytic metal used for the gate contact. This would allow the possibility of fabricating array structures, where the concentration of an individual gas from a mixture can be determined uniquely.
Conclusions
We have shown that the trap assisted conduction through a MISiC capacitor structure is a suitable technique for the detection of hydrogen in extreme environments. The results from the data analysis show two possible detection methods, depending on the method selected. Fitting to a single barrier height trap assisted conduction model, shows that the detection mechanism in these devices is driven by the formation of a charge sheet under the catalytic gate, as has been demonstrated in previous work on both Schottky and capacitor structures. This charge sheet causes a bending of the conduction and valence bands in the TiO 2 dielectric, and this appears as a change in the barrier height in the models used to describe the system. However, the use of a more complete model, suggests that the distribution of trap energies in the dielectric are affected, leading to the possibility of array fabrication using this technology. Because neither of the two models used to describe the data from the sensor, contain a term relating to the density of traps at the SiC/SiO 2 interface, this structure and technique offers a realistic possibility of low drift sensors for application in high temperature environments. However, further work is required to elucidate whether the change in barrier height or distribution of bulk traps is responsible for the observed sensor characteristics.
